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X-RAY  SPECTRA  PRODUCED  BY  NAF  IMPLOSIONS 


I.  INTRODUCTION 

Spatially- resolved  x-rav  spectra  were  collected  for  NaF  plasmas  produced 
by  imploding  sodium  fluoride  puffs  wich  the  Naval  Research  Laboratory  Gamble 
II  pulsed  power  generator  (1)  .  The  motivation  of  this  work  has  been  the 
absolute  measurement  -f  th—  ..  -  intensity  rn  me  neliuuu. j.r.o  oo  »>.  lo  2^  *me 
at  11.0027  A  (2)  and  the  utilization  of  this  x-ray  line  emission  for  resonant 
photopumping  of  the  ls-4p  line  in  heliumlike  Ne  IX  at  11.0003  A  (3).  Such  a 
scheme  is  the  basis  for  a  pulsed-power  generat'd  sedium-pump/neon- lasant  sott 
x-ray  laser. 

This  report  presents  the  results  of  the  x-ray  spectral  measurements  In 
Section  II  are  the  line  and  continuum  intensity  values  for  a  sodium  emitting 
plasma  obtained  in  a  selected  NaF  implosion  with  the  Gamble  II  generator  .  In 
Section  III  the  theoretical  basis  for  plasma  temperature  derivation  as  well  at 
a  method  for  plasma  density  estimate  are  reviewed.  In  section  IV  the  results 
for  the  sodium  plasma  parameters  determined  from  the  recombination  continuum 
slopes,  from  sel  -■''ted  line  ratios,  and  from  the  measured  lowering  of  the 
ionization  thresho  :e  presented  . 

II.  ABSOLUTE  LINE  INTENSITY  MEASUREMENTS 

In  the  current  work,  the  absolute  emissivity  values  were  obtained  for  the 
radiation  emitted  in  the  Na  X  and  Na  XI  discrete  transitions  as  well  as  for 
the  total  x-ray  emission  over  the  spectral  range,  800-1600  eV .  The 
interpretation  of  our  spectra  is  based  on  the  absolute  line  and  continuum 
intensity  measurements.  These  were  compared  with  plasma  radiation  theory  to 
Manuscript  approved  September  4,  1989  1 


determine  the  temperature  and  density  values  for  the  regions  of  intense 
radiation  in  the  interelectrode  gap. 

Atomic  K-shell  discrete  transitions  consist  of  the  np--ls  series  of  each 
heiiumlike  ion  (F  VIII  and  Na  X)  and  each  hydrogenlike  ion  (F  IX  and  Na  XI)  . 
The  first  lines  of  each  ion  main  series  are  listed  in  Table  I  (wavelength  A  in 
A  units)  together  with  the  line  energy  in  eV  and  the  transition  probability, 

1  O  1 

A,  in  10^  s'.  The  line  wavelengths  for  the  hydrogenlike  ions  are  taken  from 
the  computation  of  Garcia  and  Mack  (4)  while  the  lowest  energy  levels  of  the 
heliumlike  ions  are  extracted  from  the  tables  of  Ermolaev  and  Jones  (5)  which 
are  based  on  refined  calculations  of  two-electron  ion  states.  The  radiative 
probabilities,  A, as  well  as  energy  values  for  the  higher  heliumlike  levels, 
were  computed  using  the  atomic  structure  code  provided  by  Cowan  (6)  although 
the  hydrogenic  values  are  obtained  straightforwardly. 

The  experimental  arrangement  has  been  described  previously  (7) 
(8).  The  particular  spectrum  analyzed  here  was  obtained  with  a  distance  of 
about  155  cm  between  the  plasma  and  the  KAP  curved  crystal  and  a  space - 
resolving  slit  of  0.4  mm  width.  With  this  geometry  the  resolution  in  the 
plasma  column  is  about  0.5  cm  for  the  4  cm  interelectrode  gap. The  collected 
spectrum  photograph  is  shown  in  Fig.  1  with  the  sodium  major  transitions 
indicated.  The  plasma  image  recorded  by  the  spectrograph  corresponds  to  a 
plasma  column  3.5  cm  long  in  the  4  cm  interelectrode  gap,  in  agreement  with 
the  pinhole  image. 

The  measured  absolute  intensity  values  are  given  in  Table  II  for  several 
transitions  of  each  ion  .  The  line  intensities  were  derived  at  three  different 
locations  in  the  interelectrode  gap  indicated  in  the  first  column.  However, 
the  tabulated  values  correspond  to  the  total  energy  radiated  by  che  whole  3.5 
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cm  long  plasma  column  regarded  as  uniform.  The  corresponding  focal  energy 
radiated  between  1100  and  1360  eV  in.  this  implosion  is  of  the  order  of  230 
joules . Tor  this  particular  implosion  there  is  disagreement  between  the 
spectral  observations  and  the  filtered  XRD  di agno>.  *  in .  The  latter  is  a  factor 
t  3  higher. 
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TABLE  II 


LINE  INTENSITIES  (  JOULES  into  4  n  sr  ) 
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III.  PLASMA  THERMODYNAMICS 

A.  Temperature  Estimates 

To  estimate  the  plasma  electron  temperature,  a  standard  spectroscopic 
method  relies  on  measuring  the  recombination  continuum  "slope"  using  a  log 
intensity  plot  versus  photon  energy. 

The  plasma  electron  temperature  may  also  be  derived  from  equating 
temperature -dependent  theoretical  line  ratios  to  observed  ones.  The  latter 
are  derived  from  spectral  traces,  such  as  the  one  presented  in  Fig.  2,  where 
the  energy  radiated  in  a  given  discrete  transition  is  obtained  by  summing  the 
intensity  values  over  the  line  profile.  Details  for  this  derivation  are  given 
in  Ref.  7.  The  trace  shown  in  Fig.  2  is  the  average  of  eight  scans  performed 
along  the  entire  spectral- line  length. 
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Figure  2.  Absolute  spectral  intensity  showing  sodium  heliumlike  and 
hydrogenlike  transitions  (plus  a  few  fluorine  lines). On  the  vertical  axis 
absolute  intensities  (on  a  linear  scale)  are  to  be  multiplied  by  a  geometry 
factor  of  7. 

To  calculate  line  intensities,  one  confj.Gii._s  the  problem  of  describing  the 
distribution  of  the  ions  among  the  various  stages  of  ionization  in  abundance 
and,  among  the  various  excited  levels  of  each  ion.  Various  plasma  ionization 
models  are  commonly  used  (9)  with  accepted  crii-al'ia  uf  -p'  1  ‘  7  i  tv .  Pe 
shall  restrict  ourselves  here,  to  a  few  1 ine - intens ity  ratio  predictions  using 
different  ionization  equilibria  according  to  the  pair  of  excited  levels 
involved  in  the  ratio.  In  the  three  cases  considered  below  the  corresponding 
assumptions  will  be  justified.  In  all  cases,  the  predictions  will  be  made 
assuming  a  large  probability  of  escape  through  the  plasma  for  the  photons, 
i.e.,  in  the  so-called  optically  thin  approximation. 
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For  all  the  levels  of  N’a  X  and  Na  XI  ions  with  n 


S'J  eV  so  for  an  "equilibrium"  T„  <  300  eV .  we  can  assume  Bolt::: 


’.s  for  the  sodium  np  levels  (except  for  n-2  provided: 


Ne  >1.5  10‘ 


2)  Co  11  is ior.ally- dominated  equilibrium 
It  is  reasonable  to  consider  that  the  n-2  levels  are  mainly 
e lec t ron - col 1  is ional  excitation  from  the  ground  state.  Th i 
"coronal  limit"  equilibrium  is  valid  for  electron  densities  sm 


* 

N  with: 
e 


.  *  Vj 

I  <n  J 
<  C7  n-n  v> 


with:  j  lower  state,  n  excited  state,  An,  radiative  probability, 


coilisional  deexcitation  rate  from  level  n  to  ground  st 


:c  m  cm  -  s 


these  rates  we  used  the  parametric  derivation  of  Sobelman,  et  al .  (Ref."  p. 

212)  in  the  Coulomb-born  approximation.  For  the  2p  level  of  the  Na  XI  and  F 
★ 

IX  ions  the  Ne  value  is  always  higher  than  solid  density  for  Te  <  250  eV . 

With  this  model  the  line  intensity  (a  and  /9  transitions)  is  simply: 


In-1  -  hi/  x  Ne  <  a v> 


:he  Last  factor  being  -1  for  the  2p  levels.  Ne  is  the  electron  density  (cm'  J 
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nd  r.<_  is  tn«"  umber  ot  ions  ;n  the  ground  state.  The  line  intent  if;  is 
xpresse  .  the  same  units  as  the  transition  energy  (hif)  per  second. 

This  "coronal"  approximation  is  reasonable  to  predict  the  a  line  inters: - 
h'S ,  for  small  optical  depths  in  these  transitions. 

13  Co  1 1  is  ior.al  -  radiative  equilibrium  (2p  and  3d  levels: 

A  striking  characteristic  of  the  collisional  excitation  iates  of  hvdror • 
r:» ike  ions  is  the  much  larger  magnitude  of  the  2p  to  3d  rate  compared  to  the 
ther  rates  i.  9  ’>  for  plasma  temperatures  in  the  range  200-  300  t-7 .  This  allows 
simple  description  of  the  steadv- state  population  distribution,  between. 

-1  and  n-3  levels  of  Na  XI.  This  procedure  is  justified  in  „  plasma  v  if. 
emperature  around  300  eV  and  for  electron  densities  in  excess  of  ixlO- *  cm' 
ecause  below  th’s  value,  collisional  excitation  of  the  3p  level  from  the 
round  state  becomes  predominant.  With  these  conditions  and  neglectin' 
onization  and  recombination  rates,  we  may  include  simply  2p-2d  collisioiu.l 
xcitation  and  de - exc i tation  processes  and  radiative  decays  The  ratio  of  th- 
r.tensi  t  ies  of  L -a  to  L-3  is  thus  written: 

-  a 

- —  - —  R^-prjl+y) 

-3 

here  the  factor  7  represents  departure  from  local  -  the rmodvnamic  equilibrium 
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intensity  ratios  for  Na  XI  with  this 


:nodel.  These  ratios  were  evaluated  for  temperatures  of  200. 

O 1  _  0  1  -  1 
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Table  TTI  Predicted  line  intensity  ratios. _  .  for  N,. 
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3.  Density  Estimates 

The  Coulomb  interaction  that  binds  the  nucleus  to  the  excited 
an  excited  ion,  mav  be  screened  by  the  surrounding  ions  and  tree  e  . 
a  dense  plasma.  A  major  perturbation  caused  by  this  screening 
Huckel  1923)  is  the  lowering  of  the  ionization  limit  and  the  cut,: 
number  of  bound  states.  In  the  sodium  spectra,  we  observed  a  clear 
the  Is  np  series  limit  for  both  Na  X  and  Na  XI  ions  with  the  big 
level  corresponding  to  n— 7  or  n— 8 .  This  is  displayed  m  F tg  - 
measured  ionization  potentials  for  Na  X  perturbed  by  ionic  or 
pressure  are  indicated. 

IV.  RESULTS:  Sodium  plasma  parameters 
A)  Plasma  temperature  range 

1.  Continuum  slope  measurements  : 

We  have  determined  the  plasma  temperature  from  the  recombination 


slope  at  the  end  of  the  ha  X  sei.ies.The  recombination  continua  are  noticeable 
at  the  end  of  both  the  Na  X  and  ha  XI  series  (see  Fig.  1).  Fig. 3  shows  three 
spectral  traces  in  the  region  of  the  Na  X  recombination  continuum 
corresponding  tc  three  different  regions  in  the  plasma  .  The  intensity  is 
plotted  on  a  log  scale  so  that  the  different  slopes  reflect  the  temperature 
variation.  Linear  fits  to  the  cor.tinu  ui  intensities  are  shown  in  this  figure. 

The  continuum  slope  for  the  Na  X  continuum  was  measured  because  it  is 
more  intense.  Depending  on  the  position  along  the  spectral  '’mage,  we  obtained 
temperatures  varying  from  210  to  290  eV .  The  highest  corresponds  to  the  region 
of  most  intense  line  radi 'tion  located  about  1.6  cm  f-om  the  nozzle  for  rhe 
particular  implosion  analyzed  here  .  The  lowest  temperature  corresponds  to  the 
region  of  most  intense  continuum  <-uission  originating  from  a  clearly  different 
location  in  the  plasma  column  located  1.2  cm  from  the  nozzle  (see  Fig.  ib) 
This  continuum  emission  appears  as  a  band  across  the  spectrum  (see  Fig.  1) 
and  seems  to  co’;respono  to  a  very  small  spot -like .volume  of  plasma  Also, 
another  continuum  emitting  volume  of  minimum  size  appears  adjacent  to  the 
nozzle . 

Since  the  continuum  radiation  emission  coefficient  is  proportional  to  the 
electron  density  square  we  estimate  the  density  ratio  between  two  regions  of 
the  plasua  from  the  square  root  of  the  experimental  ratio  between  the  emission 
coefficients.  Thus,  we  derive  a  density  ratio  of  about  1.4  between  the 
regions  of  peak  continuum  emission  (Fig.  3b)  and  of  maximum  line  radiation 
(Fig.  3c)  .  This  ratio  is  about  the  same  as  the  reciprocal  of  the  temperature 
ratio  derived  from  the  same  plasma  regions,  indicatirg  that  the  product  Ne.T 
remains  reasonably  constant  along  the  plasma,  as  described  bv  Bennett's 
equation  for  magnetic  pinches  at  equilibrium. 


10 


40 


*>■ 


39- 


(a)  T  =  250  eV 
e 


(cl  Tg  =  290  eV 


ENERGY  (eV) 

Fig.  3  Three  processed  scans  from  a  spatially  resolved  spectrogram  are 
shown.  Each  scan  corresponds  to  a  different  plasma  region:  a)  adjacent  to 
nozzle,  b)  at  1.2  cm  from  nozzle,  c)  at  1.6  cm  from  nozzle.  The  natural  log  of 
the  intensity  versus  photon  energy  is  fitted  linearly  to  the  continuum  between 
the  x-ray  lines.  Plasma  temperatures  (Ts )  are  derived  from  the  continuum 
slopes . 
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2.)  Line  intensity  ratios  : 

In  the  region  of  most  intense  line  radiation  we  note  the  relatively  high 

intensity  of  the  Is  -  np  series  high  n  members  for  both  ions  .  Values  of  line 

ratios  for  any  two  consecutive  members  appear  lower  than  expected.  For 
L-a 

example,  the  -  ratio  varies  from  7  to  9  in  the  electrode  gap  and  decreases 

L-/J 

to  as  low  as  4.5  near  the  nozzle  compared  to  predicted  values  of  9  to  12  (see 

Table  III  ).  These  values  seem  to  indicate  that,  in  the  dense  plasma  regions, 

the  line  intensities  are  affected  by  time  -  dependent  ion  populations.  In  the 

region  of  intense  continuum  radiation  the  plasma  density  may  be  high  enough 

(see  below  Sectio  III  C)  to  preclude  coronal  equilibrium  or  even  2p-3d  CR£ 

L-a 

(see  above  section  III  A) .  The  largest  ratios  for  -  of  7  to  9  correspond 

L-0 

to  temperatures  in  the  range  220  -  290  eV  with  the  LTE  assumption,  in  general 
agreement  with  the  preceeding  observations. 

The  intensity  of  the  higher  members  of  the  Na  X  Is2  —  lsnp  series, 
namely  n-4  and  n-5  was  compared  to  L-a  to  derive  very  temperature  -  sensitive 
ratios  for  the  L-a  to  He-7  or  L-a  to  He-6  lines.  Here,  we  assume  that  these 
nr>  levels  are  in  thermal  equilibrium  with  the  Is  level  of  Na  XI  and  we  use  eq 
(1)  to  derive  the  L-a  line  intensity. 

We  obtain  the  following  predicted  line  intensity  ratios  : 

-  1321 

I  (L-a  )  T 

_  —  2.5  .  T  .  e 

I  (He -7; 

and 

-  1290.5 

I  (L-a  )  T 

_  —  4.28  .  T  .  e 

I  (He-<5) 
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L  -  a 

which  allow  an  estimate  of  the  temperature,  T,  by  iteration.  Measured  - 

H  e  -  7 

ratios  imply  temperatures  between  270  and  310  eV  in  the  plasma  near  the 

nozzle.  The  minimum  temperature  is  again  ascribed  to  a  region  about  1  cm  from 

the  nozzle  but  appears  higher  than  the  lowest  value  obtained  from  the 

continuum  slope,  probably  due  to  the  limited  spatial  resolution  in  the  plasma. 

As  mentioned  above,  the  continuum- emiting  regions  appear  to  be  of  very  small 

dimensions  compared  to  the  regions  responsible  for  intense  line  radiation. 

L-a 

Temperatures  deduced  from  the  — - r-  ratios  are  consistent  with  the 

He  -  6 

preceeding  ones  but  are  less  accurate  due  to  the  weak  intensity  of  the  He-5 
line  . 

B)  Ratios  of  ion  populations 

1.)  Ratio  of  L-a  and  He-a  line  intensity  : 

Using  eq  (1)  to  describe  both  a  line  intensities  in  the  so-called 

"coronal"  approximation  we  obtain  : 

-  109.56 

I  (L-a  )  ni+i  1.28  T 

I  (He-a)  n^  0.59 

where  nj_+J_  and  nj_  are  the  number  of  Na  XI  and  Na  X  ions  in  their  ground 

state , respectively , and  the  temperature,  T,  is  in  eV. 

ni+i 

The  population  ratio  -  computed  from  the  experimental  values  of  the 

ni 

a  line  ratio  is  close  to  1  in  the  four  plasma  regions  recorded  on  the  nozzle 
sid the  plasma  temperature  is  taken  from  the  continuum  slope 

measurements.  As  a  comparison  point  we  note  that  in  another  NaF  implosion 

with  a  comparable  plasma  temperature  but  a  smaller  a  line  intensity  ratio, 
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ni+i 

the  computed  -  ratio  was  only  around  0.5. 

ni 

2.)  Na  XI  np  level  populations: 

From  the  Is  — np  transition  energy  and  radiative  probability  values  for 
the  Na  XI  ion  (  Table  I),  it  is  straightforward  to  obtain  the  relative 
populations  of  the  np  levels,  in  the  optically  thin  case.  All  np  levels  with 
n  >  3  appear  almost  equally  populated  with  a  slight  minimum  for  the  3p  one. 

The  2p  level  population  is  only  about  2  to  2.5  times  larger  than  that  of  the 

upper  levels.  It  appears,  again,  that  these  population  ratios  could  be 
accounted  for  with  a  model  based  on  time-dependent  plasma  densities. 

C)  Plasma  density  range 

From  the  traces  obtained  for  the  two  regions  of  maximum  continuum 
intensity  we  observed  a  largely  depressed  ionization  potential  from  the 
electron  pressure.  Estimating  conservatively  from  spectral  traces  such  as  the 
ones  in  Fig.  3,  that  the  ionization  limit  is  lowered  to  around  1450  eV  while 
the  theoretical  one  is  at  1465  eV  for  Na  X  ions,  we  derived  an  estimate  for 
the  electron  density  using  the  formulation  of  Stewart  and  Pyatt  (11). 

A  large  value  for  the  "local"  density  is  found  of  the  order  of  3  to  4 

1021  cm  '  ^ .  Agai.n  high  electron  densities  seem  to  occur  in  spots  of  smaller 

dimension  than  the  5  mm  spatial  resolution. 


V.  CONCLUSIONS 

Implosions  of  NaF  plasmas  with  the  Gamble  II  generator  have  produced  from 
40  to  more  than  400  joules  in  the  Na  X  He-a  transition.  We  have  attempted  to 
characterize  the  NaF  plasma  in  terms  of  the  temperature  and  density  in  the 
most  intense  radiative  regions:  the  temperatures  are  in  the  range  210-300  eV 
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near  the  nozzle  and  there  is  evidence  for  minute  spots  of  high  electron 
density  around  3  or  4  1021  cm'^. 
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